Enzymes have already been extensively applied to degrade various organic pollutants in industrial wastewater, and how to improve the stability and reusability of the enzymes is critical to their practical application. In this study, poly(glycidyl methacrylate-methacrylic acid), poly(GMA-MAA), microspheres were prepared by suspension polymerization, and were used as a new support to immobilize Trametes versicolor laccase. The maximum loading capacity to immobilize enzyme reached as high as 44.78 mg protein/g support. The stability and reusability of laccase were greatly improved after immobilization on the microspheres. While the immobilized laccase was used as catalyst to remove p-benzenediol from wastewater, the removal efficiency reached 88.5%.
INTRODUCTION
Over the past decades water pollution by phenolic compounds has become one of the most serious problems in environmental engineering (Karim & Fakhruddin ) . Due to the toxicity and carcinogenesis of some phenolic compounds, it is essential to remove them from wastewater before discharging into water bodies (Shao et al. ) . Enzymes, as the biological catalysts with high selectivities, have been studied for wastewater treatment (Zuo et al. ) , and a significant number of reports that focused on their use in chemical reactions and the applications in biodegradation processes have been published in the past decade (Zeng et al. ) . Laccase (EC 1.10.3.2) has been extensively applied to remove phenols from wastewater (Rodríguez Couto & Toca Herrera ), due to its low substrate specificity (Riva ) . However, some essential disadvantages, such as low stability and productivity, limit the free laccase to be used in process applications (Strong & Claus ) . The stability of free laccase usually decreases dramatically when in high temperature and extreme acid or alkaline conditions. The productivity of enzymatic processes is often low due to substrate and/or product inhibition (Nemanja et al. ) . In addition, recovery of enzymes from reaction solutions and separation of the enzymes from substrates and products are generally difficult.
Immobilization is often a successful strategy for stabilizing enzymes or improving their performance (Rasera et al. ) . Mateo et al. () (Riva ) . Among various immobilization methods, covalent crosslinking is most frequently used because it provides strong stable enzyme attachment and may, in some cases, reduce enzyme deactivation rates. Thus the immobilized enzyme by covalent linkages is usually more stable in the reaction system (Nemanja et al. ) .
In this study, we successfully synthesized poly(glycidyl methacrylate-methacrylic acid) (poly(GMA-MAA)) microspheres by a simple method of suspension polymerization. The prepared material was used for laccase immobilization via covalent linkage. The thermal stability, storage stability and reusability of the immobilized laccase on the poly(GMA-MAA) microspheres were investigated. In addition, the removal efficiency of p-benzenediol based on the immobilized laccase catalysis reaction was evaluated. The results indicated that the immobilized laccase exhibited a fast degradation rate and high removal capacity.
MATERIALS AND METHODS

Materials
Glycidyl methacrylate (GMA), methacrylic acid (MAA), benzoyl peroxide (BPO) and divinyl benzene (DVB) were obtained from J&K Chemical Reagent Company (Beijing, China). Laccase from Trametes versicolor (EC 1.10.3.2, 13.6/mg, product No. 51639) and 2,2 0 -azinobis (3-ethylbenzthiazolin-6-sulfonate) (ABTS) were purchased from Sigma-Aldrich (USA). Coomassie brilliant blue G-250 and bovine serum albumin (BSA) were obtained from Solarbio company (Beijing, China). All other chemicals were of analytical grade and were used without further purification.
Preparation of poly(GMA-MAA) microsphere
The poly(GMA-MAA) microspheres were prepared by suspension polymerization. The organic phase consists of two monomers, GMA (3.97 mL) and MAA (0.425 mL) with the mole-ratio of 6:1, crosslinking agent DVB (25% of the total weight of the monomers), initiator BPO (1% of the total weight of the monomers), and pore-forming agent nhexane (0.15 mL). The aqueous phase was a 7% (w/w) sodium chloride (24 mL) solution with 0.1 g starch and several drops of methylene blue. The volume ratio of organic phase and aqueous phase is 1:3 according to the method described by Lei et al. () .
The aqueous phase was transferred into a 250 mL threenecked flask with a refluxing condenser, a nitrogen inlet and mechanical stirrer. After half an hour of deoxygenation, the organic solution was added, dropwise, into the aqueous phase, being stirred at a speed of 370 rpm. The suspension polymerization was undertaken at 55 W C for 0.5 h, 65 W C for 4 h, and 75 W C for 3 h under nitrogen atmosphere in a water bath. Subsequently, the copolymer microspheres were filtered and washed consecutively with heated distilled water and isopropyl alcohol to remove the organic reagents. Their further removal was accomplished by Soxhlet extraction with 100% methanol for 8 h. Then, the microspheres were dried at room temperature under vacuum for further use.
Characterization methods
The surface morphology of the microspheres was observed by scanning electron microscopy (SEM) using a JEOL (Model JSM 6701F; Japan). Fourier transform infrared (FTIR) spectra of the microspheres were obtained using an FTIR spectrophotometer (Varian FTS 7000, USA). The dry microspheres were thoroughly mixed with KBr (IR Grade, Merck, Germany), and pressed into a tablet form, and the spectrum was then recorded. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses were used to determine the surface area and pore size distribution on NOVA 4200e apparatus.
Laccase immobilization
The immobilization experiment was carried out by suspending 0.1 g of poly(GMA-MAA) microspheres into 10 mL of sodium citrate buffer (100 mM, pH 3.0) at room temperature for 12 h, then the buffer was removed by centrifugation. A laccase solution of sodium citrate buffer (100 mM and pH 3.0) was added into the tube containing the swollen microspheres. The resulting suspension was subsequently incubated with shaking at 180 rpm for 24 h to reach complete polymerization. The laccase immobilized on the microspheres was separated from the solution by filtration and washed with the same buffer three times. The resulting immobilized laccase was stored at 4 W C until use.
To observe the effects of the initial concentration of laccase on immobilization capacity of the microspheres, it was changed from 0.5 to 4 mg/mL. The amount of laccase immobilized on the poly(GMA-MAA) microspheres was determined by measuring the initial and final concentration in the immobilization medium using the Bradford protein assay method (Bradford ) . A calibration curve constructed with BSA was used in the calculation of enzyme concentration.
Assay of laccase activity
The activity of free and immobilized laccase was determined spectrophotometrically with 1 mM ABTS as substrate in 100 mM sodium citrate buffer (pH 3.0) at 25 W C (Bourbonnais & Paice ). In the case of free enzyme solution, 1.0 mL of diluted enzyme (in sodium citrate buffer, pH 3.0, 100 mM) was mixed with 1.0 mL of ABTS solution in water and 2.0 mL sodium citrate buffer of the same pH value, in a quartz cuvette. The immobilized laccase activity was assayed by incubating immobilized laccase in 2.0 mL of the same citrate-phosphate buffer with 2.0 mL of ABTS (1 mM) at the same temperature. The increase of absorbance was followed at 420 nm for 3 min. One unit (U) of laccase activity is the amount of enzyme that oxidizes 1 μmol of ABTS per minute. The activity was expressed in the form of relative activity, which was a percentage of its residual activity compared to the initial activity.
Stability and reusability
The thermal stability of free and immobilized laccase was determined by measuring the residual enzymatic activity at 50 W C in a sodium citrate-phosphate buffer (100 mM, pH 3.0). Samples were taken at 40 min intervals and assayed for residual activity by a spectrophotometer. The storage stability experiments were conducted to determine the stabilities of free and immobilized laccase after storage at 4 W C for a time interval. The residual activities were then determined as described above.
Reusability of the immobilized laccase was assessed by incubating the immobilized laccase with ABTS in citratephosphate buffer at 25 W C for 3 min. The mixture was centrifuged at 5,000 rpm to separate immobilized laccase and the absorbance of the supernate was measured. After each cycle, the immobilized enzyme was washed twice with phosphate buffer and resuspended in a fresh substrate solution to begin the next cycle, as described by Rollett et al. () .
Removal of p-benzenediol
Studies on the removal of p-benzenediol were performed at 25 W C with laccase immobilized microspheres in phosphate buffer solution of p-benzenediol. The percentage of pbenzenediol removal was determined via the residual concentration of p-benzenediol by the colorimetric method. The assay contained 50.0 mL of diluted sample, 1.0 mL of buffer solution (100 mM aqueous ammonia), 1 mL of potassium ferricyanide reagent (80 mg/mL K 3 Fe(CN) 6 in water), and 1.0 mL of 4-amino-antipyrine (4-AAP) solution (2% 4-AAP in water). The resulting compound in the mixed solution is a quinone-type dye which absorbs light at 510 nm. Absorbance values were converted to the concentrations of phenol by using a calibration curve.
RESULTS AND DISCUSSION
Properties of poly(GMA-MAA) microspheres
The IR spectra of the poly(GMA-MAA) microspheres were used to assess the polymerization among the two monomers and cross-linking agent. In the IR spectra (Figure 1) , the absorption peaks at 3,450, 1,730 and 1,150 cm À1 should be due to the stretching vibrations of υO-H, υC ¼ O and υC-O of carboxyl and ester groups from GMA and MAA links, respectively. The peaks at 802 and 706 cm À1 should result from deformation vibrations of C-H bonds of bi-substituted phenylene in the DVB link. The absorption peaks at 1,270, 906 and 839 cm À1 should be the stretching vibration of the epoxy groups from the GMA link in the carrier. Consequently, this implies that the copolymer with epoxy groups is formed. The image of SEM ( Figure 2) shows that the poly(GMA-MAA) microspheres have a regular sphere-like morphology with a diameter of approximately 30-50 μm. Compared with some available acrylic epoxy-activated spheres, the poly(GMA-MAA) microspheres have smaller diameters so they can supply more active sites for reaction with enzymes to improve the immobilization efficiency. Based on N 2 adsorption and desorption isotherms, BET and BJH analyses show that these microspheres have a BET surface area of 51.45 m 2 /g and an average BJH pore size of 5.516 nm. The pores not only reduce mass transfer resistance of the diffusion of laccase, but also provide an increase in the surface area. The larger surface area leads to more sites available for covalent attachment of laccase on the epoxy surface (Lei et al. ; Rollett et al. ) .
Laccase immobilization
The enzyme was immobilized on the poly(GMA-MAA) microspheres mainly via a ring opening reaction between the amine groups of the enzyme and the epoxy groups of supports. In order to determine the optimum laccase concentration to be immobilized, several experiments with the same amount of carrier and buffer were performed with initial enzyme concentrations ranging from 0.5 to 4.0 mg/mL at room temperature, as shown in Figure 3 . The amount of laccase immobilized on the polymer reached 44.78 mg/g when the laccase concentration is 3 mg/mL, and the activity recovery of the laccase immobilization increased to the peak value of 70.83%. Several publications have reported on new supports for laccase immobilization via covalent immobilization. For example, laccase was immobilized on poly(GMA/EGDMA) and poly(GMA/ EGDMA)-DAH beads (Arica et al. ) . The amount of immobilized enzyme was 5.6 and 4.9 mg/g, respectively. The retained activity of immobilized laccase varies from 53 to 88% of the free counterpart. In this work, the amount of laccase immobilized on the polymer is 44.78 mg/g, which is much higher than that reported in the related literature (Arica et al. ) . There were a large number of epoxy groups on the surface of the poly(GMA-MAA) microsphere, which can provide many more sites for cross-linking reaction with amine groups of laccase. Laccase molecules can be immobilized on the surface of the poly(GMA-MAA) microsphere through the formation of covalent bond between amine groups and the epoxy groups (Mateo et al. ) .
As described by Wang & Caruso () , the immobilization of laccase was characterized through fluorescence microscopy as shown in Figure 4 . The green fluorescence of microspheres loaded with fluorescein isothiocyanate (FITC) and laccase was obvious, indicating that the enzyme was successfully immobilized on the surface of the structure. The stronger fluorescence on the outer surface of the microspheres suggested that the laccase immobilization is mainly through the sites on the outside surface.
Thermal and storage stability
Thermal stability of free and immobilized laccase is shown in Figure 5(a) . The immobilized laccase exhibited a much higher activity retention percentage than the free enzyme. The free and immobilized laccase respectively maintained 69.38 and 95.65% of initial activity after 40 min of incubation at 50 W C. After incubation for 280 min, the immobilized laccase retained 86.30% of its initial activity, while the free laccase retained only 33.99%. Increased thermal stability has been reported for a number of immobilized enzymes, which indicated that the polymer network in the covalent cross-link method was supposed to preserve the tertiary structure of enzyme (Çorman et al. ) . It also suggested that the suitable environment provided by the carrier was able to keep laccase from injury from direct exposure to environment changes. The free and immobilized laccase were stored in phosphate buffer solution at 4 W C for a 60-day storage period.
As seen from Figure 5(b) , at the end of 30 days, the enzyme activity of the immobilized enzyme was 74.57% of the initial activity, but the equivalent free enzyme retained only 32.31% of its initial activity. Sixty days later, the free and immobilized laccase lost 78 and 43% of their initial activity, respectively. This result indicated that the stability of immobilized laccase was highly improved compared to the free enzyme. The improved storage stability was due to increasing stabilization of its active conformation by multipoint bond formation between the support and the laccase molecule (Zhu et al. ) .
Reusability of immobilized laccase
Unlike free enzyme, immobilized enzyme could be easily separated from the reaction solution and reused, which greatly decreased the cost of the enzyme under practical application. The reusability of the laccase immobilized on poly(GMA-MAA) microspheres was evaluated by cycles of ABTS oxidation. From the results shown in Figure 6(a) , it can be observed that the immobilized laccase retained about 70% of the initial enzyme activity after five cycles of reaction and more than 50% after 10 cycles. The loss of activity was mainly due to the enzyme leakage during washings and the accumulation of the reaction products produced during the enzymatic reaction (Wang et al. ) . However, the achieved values indicated that the laccase immobilized on poly(GMA-MAA) microspheres was a good choice as an insoluble biocatalyst to be used in batch reactions studies.
Removal of phenolic compounds
To test the removal efficiency of phenolic compound by the prepared immobilized laccase, removal of p-benzenediol was chosen as a model reaction. The p-benzenediol removal efficiency with the increase of time can be seen clearly in Figure 6 (b). About 83.86% for 50 mg/L and 84.11% for 100 mg/L of total p-benzenediol were degraded in the initial 1 h. After a period of 1 h, the reaction rate decreased rapidly. When the reaction of p-benzenediol degradation lasted for 10 h, the removal efficiency reached 88.5 and 85.8% for the p-benzenediol of 50 and 100 mg/L, respectively. Similar experiments on the removal efficiency of 2, 4-dichlorophen by immobilized laccase were also carried out. The removal efficiency was calculated to be 91.21 and 86.43% for 2,4dichlorophen of 50 and 100 mg/L, respectively. The decrease of removal rates of p-benzenediol could be attributed to the reduction of the reactant due to the consumption of p-benzenediol, and the accumulation of the catalytic products, causing inhibition of the catalytic process, as reported by previous studies (Bayramoglu et al. ) .
CONCLUSIONS
Poly(GMA-MAA) microspheres were successfully prepared by suspension polymerization. The microspheres exhibited high capacity for laccase immobilization when they were used as enzyme support. The thermal stability and storage stability of immobilized laccase were greatly improved after immobilization. Reusability was improved and activity of the immobilized laccase could be maintained at more than 50% of the initial activity after 10 cycles. While the immobilized laccase was used as catalyst to remove p-benzenediol from wastewater, the removal efficiency reached 88.5%. Based on these results, it is concluded that poly(GMA-MAA) microspheres could be used as an effective support to immobilize enzymes and to remove p-benzenediol from wastewater.
